Rehabilitation within three months plays a significant role in the recovery of damaged motor functions following the onset of a stroke. To increase the effectiveness of rehabilitation, it is important to perform rehabilitative exercises with movement intention. This study analyzed the association between electroencephalogram (EEG) and electromyogram (EMG) signals in healthy individuals in an attempt to verify the differences between the two signals in corticomuscular connectivity as well as the time delay in the flow of information in 
Introduction
Along with cancer and myocardial infarction, stroke is one of the leading causes of disease-related mortality (Lozano et al., 2013) . Stroke damages the tissues of the brain, inducing motor and cognitive impairment. Lost motor functions can be replaced to a certain extent, as neural plasticity enables undamaged brain tissues to replace the functions of damaged areas (Kleim & Jones, 2008) . Rehabilitative therapy during the early stages of stroke onset plays a key role in the degree of recovery of function. To increase the effectiveness of rehabilitation, stroke patients should perform rehabilitative training with movement intention within three months of stroke onset (Blank, French, Pehlivan, & O'Malley, 2014) .
Recently, patients' movement intentions have been identified with the use of brain-computer interface (BCI) technology based on EEG signals, and these movement intentions have been provided as feedback to rehabilitation training equipment, promoting patients' participation in and motivation for rehabilitation (Ang et al., 2010) . Movement intention refers to the user's conscious cognition of the preparation and movement of the upper limbs (Blank et al., 2014) . In general, the BCI system measures EEG signals and extracts frequency bandspecific amplitude changes or patterns to identify the user's intention and state (Lotte, Congedo, Lécuyer, Lamarche, & Arnaldi, 2007) .
As BCI systems solely based on EEG signals have low accuracy, hybrid BCI systems, which employ features of multiple biosignals, can be used to increase reliability (Amiri, Fazel-Rezai, & Asadpour, 2013) .
When there is an actual movement, the brain's cognitive activities produce alpha (8-15 Hz) and beta (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) Hz) waves, and muscular activities produce beta and piper (30-60 Hz) EMG signals (Conway et al., 1995; Grosse & Brown, 2005) .
During movement, a connectivity is sequentially produced between the motor-related areas of the brain (Sporns, Chialvo, Kaiser, & Hilgetag, 2004) . This can be observed via the changes or transmission of signal amplitudes or phase components (Rubino, Robbins, & Hatsopoulos, 2006) . Upper limb movement comprises a top-down structure in which the electric signals produced in the brain are transmitted to the muscles via neural circuits; during an upper limb movement, the brain and the muscles are functionally combined (Haggard, 2008; Halliday, Conway, Farmer, & Rosenberg, 1998) .
Correlation or coherence analyses measure linear tendencies between two independent signals (Meng et al., 2008) . However, linear dependency is inadequate in analyzing the complex and non-linear properties of biosignals (Popivanov & Dushanova, 1999) . Corticomuscular coherence is modulated by the focus on and accuracy of behavioral performance (Kristeva, Patino, & Omlor, 2007) . Hence, coherence is weak or nonexistent in some subjects (Hashimoto, Ushiba, Kimura, Liu, & Tomita, 2010; Pohja, Salenius, & Hari, 2005) .
Mutual information can present the relationship between EEG and EMG signals in a non-linear method (Chen et al., 2008; Ioannides & Mitsis, 2010) .
Corticomuscular connectivity as a result of functional integration of the two can be interpreted as a relationship between EEG and EMG signals. Because EEG and EMG signals show different changes according to the presence of movement intention, there will be a change in the corticomuscular connectivity as well. In particular, there will be differences in accordance with movement modes, as the amount and time delay of information relayed between the brain and the muscles differ during movement in accordance with the brain's cognitive processes and muscle movement (Jin, Lin, & Hallett, 2010) .
The present study sought to analyze the difference in connectivity between EEG and EMG signals during upper limb exercise in accordance with the presence of movement intention by applying coherence (linear) and mutual information (non-linear) analyses.
Material and methods
Seven healthy individuals with no history of brain-related diseases were analyzed. The subjects were all righthanded, and their mean age was 57.8 years (standard deviation: 4.7 years). The study was conducted at the Samsung Medical Center with approval from the Institutional Review Board (IRB) of the Korea Institute of Science and Technology (IRB number: 2013-009 ) and the IRB of Samsung Medical Center (IRB number: 2013-02-091) . The subjects were recruited via an official notice, and candidates were screened via questionnaire with regard to past medical history and current medications to include only those who were determined to be healthy.
The subjects were provided with a thorough explanation regarding the experimental protocol, purpose, and the fact that they could withdraw from the study at any time, and only those who consented to participate were included in the study. All study data were collected in compliance with the regulations stipulated by the IRB.
The exercise equipment used in the study was a modified rehabilitative training apparatus that assists grasping training with a maximum range of motion of 2.5 cm. There were no safety risks associated with the equipment as the force inflicted by the actuator is within the user's resistible range.
The actuator was placed on the mechanism on which the four fingers (excluding the thumb) are to be placed, and infrared sensors were installed to measure distance in real time, enabling measurement of the displacement of the mechanism during passive and active grasping movement.
The Biosemi ActiveTwo system was used to record EEGs and EMGs. EEG signals were measured in 64 channels in compliance with the 10-20 system, and EMG signals were measured at the flexor digitorum superficialis muscle, which controls grasping movement. Each electrode was an active electrode, and analog signals were converted to digital signals in 24 bits after applying a 0-400 Hz band pass filter for each channel and recorded in a sampling rate of 2048 Hz.
Experimental design
The subjects were comfortably seated and kept their eyes on the monitor in front. They read the instructions provided on the monitor and performed left grasping movement.
In the first movement mode, the passive mode, the subjects relax their arm on the equipment and the equipment performs the exercise for them. In the second mode, the active mode, the subjects read the instructions on the monitor and perform the exercise. In the third mode, the motor imagery mode, the subjects relax their arm on the equipment and read the instructions on the monitor, but only imagine performing the movement without actually moving their fingers.
In the passive mode, the subjects are shown the following message: "After the beep, the equipment will move automatically while • appears on the screen." In the active mode, the subjects are given the following instruction: "After the beep, move your fingers while • appears on the screen." In the motor imagery mode, the subjects are given the following instruction: "After the beep, imagine the movement while • appears on the screen."
As shown in Figure 1 , the subjects were administered three sessions of each movement mode in counter balanced order. The duration of the experiment, including the preparatory session, was about 40 minutes. In order to prevent the subjects from anticipating the beginning of each session, subjects were directed to wait while keeping their eyes on the monitor for two or three seconds as shown in Figure 2 . As per the instructions on the monitor, subjects closed their hand in a firm grasping for two seconds, maintained this grasping for 1 second, and then opened the hand to a relaxed position over two seconds. This entire process was repeated 14 times.
Signal processing
This study analyzed experimental data of active and passive movement modes to examine the relations between EEG and EMG signals in accordance with the presence of movement intention. The data from the motor imagery mode were not included in the signal analysis because they were inappropriate for the analysis of the relationship between EEG and EMG signals as they do include movement intention but do not include EMG signal data.
To eliminate direct-current power and unnecessary high frequency components, a band pass filter of 4-100
Hz was applied. The data were filtered through a 60 Hz notch filter to eliminate interference from the power line.
In addition, the Surface Laplacian technique was used for the EEG signals to reduce interchannel interference (Nunez et al., 1994) .
For signal analysis, 3-second to 5-second data (the presented stimulus set at 0 seconds) were extracted from the recorded EEG and EMG signals. EEG signals were analyzed by selecting the C4 channel of the motor area of the right hemisphere, which is associated with the left grasping movement.
Coherence analysis
We performed a coherence analysis to examine the linear properties of the association between the brain and muscles during movement. We quantified the size of independent EEG and EMG signals as well as the relationship between the two signals via phase changes (Mima & Hallett, 1999) . Data between 0.5-2 seconds of the subjects' arm movement were used for the coherence analysis. There were 42 sets of data for each subject for all movement modes, but data reflecting inappropriate or incomplete exercise and those contaminated by noise were excluded from the analysis.
EEG and EMG signals were converted to frequency components, and frequency band-specific auto-spectrum and cross-spectrum were calculated. The means of these were then calculated and absolute values were taken to calculate coherence (Magnitude-squared coherence) as per Equation 3.
Equation 1 Equation 2
Equation 3 The level of significance of the coherence value is determined based on the confidence limit shown in Equation 4, where is a confidence interval of 95%, and is the number of data segments used in the calculation of coherence.
Equation 4
Additionally, we analyzed the changes of the coherence coefficient for each frequency band over time using the data from -0.75 seconds to 2.25 seconds when the participants performed arm exercise, with time zero set to the point at which the instructions were shown to the participants.
We extracted the frequency components of EEG and EMG signals by applying a time-window of 500 msec and short-term Fourier transform in 50 msec intervals. We then graphed the changes of the coherence coefficient between the EEG and EMG signals for each frequency band over time using Equation 5.
Equation 5
To examine the differences in the corticomuscular relations in accordance with movement mode, we analyzed the coherence coefficient between EEG and EMG signals for the time frame of 0.5 seconds to 2 seconds, which is the interval in which the exercise was performed. We performed statistical analysis to verify the significance of the differences in the coherence coefficient means in the beta band (15-30 Hz) in accordance with different movement modes. First, we conducted the Shapiro-Wilk Normality test on the coherence coefficient for all subjects for each movement mode, and the Mann-Whitney test was performed on the results.
Mutual information analysis
There are limitations to interpreting complex biosignals, such as EEG and EMG signals, via linear analyses.
Hence, from an information theoretical perspective, we statistically presented the connectivity between the two signals through the mutual information and transmission relations between them (Cohen, 2014) . With time zero set to the point at which the instructions are shown to the subjects, we applied a 50% overlap on a 125 msec time window on the data spanning -1.125 seconds to 2.125 seconds and calculated the changes of mutual information between EEG and EMG signals by moving in time series.
We compared entropy regardless of the subjects and movement modes. To calculate entropy, the EEG and EMG signals were quantified in a size of -1 to +1 based on the maximum absolute value for each trial, and the number of frequencies that determine the distribution of information was set to 48. The number of bins for each signal and their means were calculated as per Equation 6, where is the maximum value of the sample, the minimum value of the sample, the standard deviation, and the number of samples.
Equation 6
Equation 7 was used to calculate the entropy in time series for each signal to identify the information between EEG and EMG signals.
Equation 7
Equation 8 was used to calculate joint entropy to measure the information generated by signals that are produced by EEG and EMG signals.
Equation 8
Equation 9 was used to calculate the mutual information between signal sources using the calculated entropy and joint entropy. Then to compare them based on the movement mode, we quantified the value by calculating the mean value of the data between -1 -0 seconds as the baseline, and subtracting the baseline value from the total interval.
Equation 9
We calculated the mean of mutual information in time delay under the assumption that the brain's cognition of the subject's movement intention is transmitted to the muscles in time delay due to the top-down structure of corticomuscular transmission. 3. Results
Frequency domain coherence
In figure 3 , there was a coherence relation between EEG and EMG signals in the beta band (15-30 Hz) in six subjects. In these subjects, coherence was relatively stronger during active movement. Subject number 5, who did not show coherence in the beta band, showed a significant coherence in the piper rhythm band (30-60 Hz).
Our analysis of the coherence graph indicated that a coherence relation between EEG and EMG signals was present in the beta band during movement, and the coherence was relatively stronger during active movement.
We performed statistical analysis to confirm the significance of the differences in the means of the coherence coefficients in beta band (15-30 Hz) in accordance with movement mode. The Shapiro-Wilk Normality Test was performed on the beta coherence coefficients of all subjects for each movement mode with a confidence interval of 95%. The results indicated that the two movement modes did not exhibit normality (p < 0.001).
Based on these results, the Mann-Whitney test was performed with a significance level of 95%. The mean and standard deviation of the coefficients during passive movement were found to be 0.0400 and 0.0186, respectively, and those during active movement were 0.0644 and 0.0384, respectively, indicating that the coherence coefficient in the beta band during active movement is significantly greater than that during passive movement (p < 0.0001). Figure 4 shows the time-frequency graph of the movement-specific coherence mean values for all subjects.
Time-frequency domain coherence
Coherence coefficients of 0 to 0.14 are expressed in different colors. The black horizontal dotted line represents the beta band (15-30 Hz), in which coherence between EEG and EMG signals during arm movement is shown, and the black vertical dotted line represents time zero, at which instructions are shown to the participants.
In the passive movement mode, coherence coefficients greater than 0.1 were only observed in some areas.
Coherence coefficients between 0.08-0.1 were markedly distributed in the 25 Hz band before the instructions were given, and in the 15-30 Hz band during movement (1.5-2 seconds); these values were also observed in 5-15 Hz band between 0-0.5 seconds.
In the active movement mode, there was a marked distribution of coherence coefficients greater than 0.1.
Coherence coefficients greater than 0.08 were markedly distributed in the 15-30 Hz band before the instructions were given as well as during movement (1-2 seconds); these values were also observed in the 5-12 Hz band between 0-0.5 seconds.
In terms of movement modes, coherence coefficients are greater during active movement than in passive movement, and are clearly distributed in the beta band.
Time series mutual information
When the mutual information is compared in accordance with movement modes, there is greater mutual information during active movement than during passive movement ( Figure 5 ). There were minimal changes in mutual information prior to the movement, and the standard deviation increased from the point of stimulus onset (instructions) during passive movement without a change in mean. For active movement, the mutual information value increased from the point at which the subjects began to move after observing the instructions with a mean mutual information value of 0.04, and the standard deviation of the values also increased from the point at which the subjects began movement. Bands in which movement mode-specific mutual information were significant in a 95% confidence interval with a significance probability of less than 0.005 are shown with red dots. Figure 6 shows that the subject who presented the maximum value of mutual information showed a shorter time delay during active movement than during passive movement, so we performed statistical analysis to verify whether the difference was significant. We performed the Mann-Whitney test with a confidence interval of 95%.
Time delayed mutual information
The mean and standard deviation of time delay during passive movement were 543.6 msec and 108.2, respectively, and those during active movement were 261.1 msec and 150.6, respectively, showing a significant difference in time delay (p = 0.0087).
Discussion
This study verified that the presence of movement intention during arm movement induces a change in the functional integration between the brain and muscles through analysis of the relations between EEG and EMG signals. Coherence analysis, which enables examination of the linear relation between two independent signals, was performed to examine the overall features of the subjects for each frequency band. Mutual information analysis is a probability method that examines the association between EEG and EMG signals. We examined the association in time series and the time delay in formation transmission for each subject.
Coherence analysis results showed relatively greater coherence coefficients during active movement than in passive movement, mostly in the beta band. Mutual information analysis also showed greater coefficients during active movement. The average of time delayed mutual information is greater and the delayed time is shorter during active movement than in passive movement. These results indicate that corticomuscular association increases during the performance of movements with movement intention compared to movements without movement intention.
When we analyzed the coherence of the frequency domain of the period of movement (0.5-2 seconds), we found a significant association in the beta band as shown in Figure 3 . This is because there is an association between the changes of size and phases of EEG and EMG signals during arm movement. Prior studies have verified that magnetoencephalogram (MEG) signals, EMG signals, and acceleration sensor signals show a connectivity in the beta band (Airaksinen et al., 2015) . There were also differences in the coherence between MEG and EMG signals in the beta band in accordance with the intensity of exercise (Salenius & Hari, 2003) . In the present study, the fact that a significant corticomuscular association was present in the piper rhythm (30-60
Hz) during movement could be interpreted as a reflection of increased association between EMG and EEG signals as EMG signals in the piper band were produced during grasping movement depending on the movement of the muscles (Gwin & Ferris, 2012) . On the basis of coherence analyses, studies have reported that connectivity may not show up depending on personal characteristics (Mima, Steger, Schulman, Gerloff, & Hallett, 2000; Pohja et al., 2005) . When the age of the subject is older, the connectivity between EEG and EMG signals is reduced (Bayram, Siemionow, & Yue, 2015) . For these reasons, Subject number 5 did not present a significant coherence in the beta band, which is presumed to be an indication of weak synchronization between size and phase changes of EEG and EMG signals.
In Figure 4 , which presents the average coherence coefficient per frequency band in specific time periods, coherence was stronger in the beta band during 1-2 seconds (period of movement) in active movement than in passive movement. Such distribution of coherence coefficients is an indication that the synchronization of EEG and EMG signals that are activated when an individual performs movements with movement intention increases the association between signal size and phase changes. Coherence coefficients were present in the beta band before 0 seconds, which is prior to the onset of stimulus (instructions), a finding thought to be due to the fact that EEG signals are produced as the participants associate movement after several trials of repeated arm movement or due to readiness potential in preparation of the next movement, and EMG signals are produced because participants' arms are tense even during times when they do not perform movement (Baker, Mattingley, Chambers, & Cunnington, 2011) . After the instructions were given, coherence coefficients were observed in the theta band from 0-0.5 seconds, presumably because the repeated movement involved only four fingers excluding the thumb (Hori et al., 2013) .
Mutual information is calculated by measuring the information produced by the EEG and EMG signals during arm movement. During active movement, activation of EEG signals is detected via an event-related desynchronization (ERD) pattern, which fires EMG signals, increasing mutual information between the two.
During movement, the motor cortex transmits EEG signals in the beta band to transmit information, and the connection among brain areas is strengthened primarily around the beta band (Lu et al., 2011; Rubino et al., 2006) . The reason why mutual information value is greater in active movement than in passive movement is that EEG and EMG signals are more activated during active movement.
Time delayed mutual information refers to the flow between the two signals in delay, namely the flow of information from the brain to the muscles (Jin et al., 2010) . We calculated the time delayed mutual information during movement (0-2 seconds) and verified the delayed time at the maximum average mutual information. In active movement, the delayed time at which the maximum of mutual information was produced was an average of 261.7 msec. This is similar to the time in which movement response is produced based on the time of stimulus onset, which indicates that this is the time required for the brain to recognize the instruction and transmit the information to the muscles to perform movement (Day & Brown, 2001 ).
The present study conducted coherence and mutual information analyses and compared the differences in movement modes to verify the association between the brain and muscles. Coherence analysis showed that only six out of seven participants presented higher coherence coefficients in the beta band during active movement than during passive movement, indicating a higher corticomuscular association during active movement. On the other hand, mutual information analysis showed that all seven subjects had greater mutual information flow in the period of movement during active movement than during passive movement, indicating a stronger corticomuscular association during active movement. These results imply that the coherence method has limitations in determining the degree of association between the brain and muscles during arm movement, while mutual information analysis distinguishes the differences pertaining to movement mode.
Conclusion
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The present study was a preliminary study for the development of a user-intention rehabilitation system that incorporates a BCI system by understanding participants' movement intention during arm movement. The study was conducted on healthy individuals, who were instructed to perform grasping movements in different movement modes, based on which we analyzed the association between EEG and EMG signals to verify the differences in connectivity in accordance with movement mode.
Based on coherence and mutual information analyses, we were able to verify that corticomuscular association is heightened during active movement compared to passive movement. The coherence method is able to analyze the degree of association between the brain and muscles during arm movement in frequency domain. On the other hand, mutual information analysis produced clearer results regarding corticomuscular association in accordance with movement mode for all subjects than the coherence analysis. In consideration of the delayed time at which mutual information flow reaches the maximum, the information is transmitted from the brain to the muscles efficiently during active movement.
EEG and EMG signals that are produced during movement are required to understand the association between the brain and muscles depending on the presence of movement intention. Hence, we expect that the effectiveness of rehabilitation would be improved if the movement intentions of stroke patients would be identified by acquiring EEG and EMG signals related to movement depending on the location of onset and severity of motor paralysis. The methods of coherence and mutual information can be used as supplementary information to detect the intention of the exercise in the BCI training system. It would be beneficial for the development of a user-led rehabilitation system that provides feedback based on the patients' states if future studies could classify patterns of the presence of movement intention in real time or per trial using the properties of corticomuscular connectivity. In order to prevent the subjects from anticipating the beginning of each session, a rest period presented for two or three seconds. As per the instructions on the monitor, subjects closed their hand in a firm grasping for two seconds, maintained this grasping for 1 second, and then opened the hand to a relaxed position over two seconds. 
